Abstract -Eddy current brakes are electromechanical devices used as variable mechanical loads for testing electrical machines. Accurate modeling of eddy current loss is an important t factor for optimum design of eddy brake systems. In this second part, we propose novel formulations of eddy current loss in novel claw-pole eddy brake system. The proposed model for eddy current loss in novel claw-pole eddy brake system depends on the size of the claw poles. Also, in this paper, the flux density is measured by using the magnetic circuit of the novel claw pole. The model results are compared with experimental results and they are found to be in good agreement.
Introduction
An eddy current brake is a new assistant brake system of large scale vehicles, e.g. modern high-speed trains, and plays an important role in the braking force induced within. We can expect economization, safety and a decrease in driver fatigue by using this type of brake [1] . If the coils shown in Fig.1 are excited by a direct current and the disk is a solid iron body, eddy currents are induced in the iron by the relative motion between the disk and the magnetic field generated by the iron core. Interaction of the magnetic field and the induced eddy currents produces a retarding torque which is a function of the DC excitation current, rotor speed, and magnetic and electric properties of solid iron. Such a device can therefore be used as a load for testing the electric motor. The retarding torque of an eddy current brake is calculated as a function of the angular velocity of the disk and the DC current of the magnetizing coil [2] .
In order to optimize the design of the brake system, it is necessary to estimate the braking force, the distribution of magnetic flux and eddy current loss. Many researchers have investigated much on the development of accurate measurement methods and analytical or numerical models for the eddy current force or eddy current loss. In [3] - [5] , braking and attracting forces are calculated for different train speeds and excitation currents by using FEM. Finally, numerical results are compared with measurements.
In [6] , a new model is implemented in MATLAB to evaluate eddy current brakes. The model generates the characteristic curves of the brake being calculated from its configuration, dimensions and materials used. Also, in [7] , a FEM method based approach is used to determine an eddy current brake model's parameters, i.e. equivalent resistance and reactance.
The present paper, together with a companion paper (Part I) [8] , deals with the construction, design and modeling of the novel claw pole of the eddy current load constructed for testing counter-rotating motors. As shown in Fig.2 , the construction of the testing system includes the counter-rotating motor (CRM) [9] 
Fig.2. Schematic configuration of system
The CRM rotates in two directions simultaneously. So, two eddy brakes are employed as loads in this system. Each load is connected to either shaft of CRM. The stator of the novel load consists of only one excitation coil placed between some claw pole pairs. These claw poles are fixed and produce a magnetic field with a high number of pole pairs. As the current source is connected to the excitation coil, a magnetic field is generated in the core and the claw poles produce a magnetic field with a high number of pole pairs. In this state, as the cylinder is rotated by the DC CRM, an eddy current is induced within. Therefore, the mutual interaction of the eddy current and the magnetic field generates a retarding torque. Finally, the opposition between the retarding torque and the main torque (motor torque) causes heat loss in the cylinder. In this study, the eddy current brake modeling is done based on eddy current loss. According to the Steinmetz equation, the eddy current loss is as follows [10] :
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where f is the frequency of the external magnetic field, B is the flux density and k is a coefficient, which depe nds on the lamination thickness and conductivity of th e material, as well as o ther facto r s. In general, characteristics of the flux density and eddy current on the inner part of an electrical machine are investigated by using (1) and numerical analysis. This paper presents the measurement and modeling of eddy current loss with various flux densities and speed vectors for the novel claw-pole eddy brake. The modeling of the eddy brake is done based on the size of the claw poles. In Section 2, formulation of eddy current loss for designing the novel claw-pole eddy brake is done, and then the method of flux measuring is presented in Section 3. Finally, a comparison of the calculations with the experiment results is done in Section 4.
A formulation of eddy current loss for designing the novel claw-pole eddy current load
Eddy current loss occurs in a conductive material when it is subjected to a time-varying magnetic flux. In fact, the opposition of the retarding torque and main torque (motor torque) leads to heat loss in the cylinder. As the eddy current causes heat, this type of loss is called eddy current loss. Exact prediction of the eddy current loss in electrical machines is difficult. On the other hand, the value of the eddy current loss is an important issue, both in the designing and the analysis of eddy current brakes. In this section, the formulations of eddy current loss for the novel claw-pole eddy current load is done step-by-step.
Geometric assumption
The prototype eddy brake contains six claw poles. The calculation of eddy current loss is done only for one claw pole and then the result is generalized to six. In Fig.3 , one of the claw poles is shown. This trapezoidal shape is divided into two parts. One part includes two rectangular regions and the other part includes two triangular regions. Because of the symmetry of the claw pole, the analysis is done only for half of it. In the rectangular part of the claw pole, the following equations are applicable: 
Induced voltage
As the current source is connected to the excitation coil, a magnetic field is generated in the core and the claw poles produce a magnetic field with a high number of pole pairs. In this state, as the cylinder is rotated by the DC CRM with a linear speed of v, a voltage is induced within the claw pole as follows:
The value of the flux density B in (8), (9) is determined in Section 3.
The eddy current path:
Eddy current is created by the induced voltage that is described in the previous section. Assumed eddy current paths are shown in Fig.3 According to (8) , (9), (10) and (11), the eddy current losses in either part of the claw pole, including the triangular part and the rectangular part, are obtained from the following relations:
The sum of the eddy current losses in the triangular and rectangular parts of the claw pole are as follows: 
Finally, the total eddy current loss is given by:
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The coefficient -6‖ in (18) is used because the eddy brake contains six claw poles. Also, in (18), the nonlinear term of f (N r , I) is caused by asymmetric distribution of eddy current density on the surface. Here, N r is the rotational speed (rpm) of the eddy brake and I is the excitation current (A) of the eddy brake. The description of f (N r , I) is presented in Section 4.3.
Flux measuring by using magnetic circuits
The flux length of the eddy brake is shown in Fig.4 . According to the lengths shown, the reluctance of each part is calculated and the total reluctance is given by: where I (A) is the value of the excitation current and N ' is the number of turns of the excitation coil. In the next step, the flux density that passes in each claw pole is given by:
Comparison of calculated and experimental results
In this section, the results of the eddy brake model analysis and the results of the practical test of the eddy brake, for calculation of the eddy current losses, are compared by using Matlab/Simulink. Evaluating each method, the eddy brake losses are calculated for different speeds and for specified excitation currents. The experimental system is shown in Fig.5 . The CRM is coupled to both of the eddy brakes. One of the eddy brakes is coupled to the inner shaft and the other to the outer shaft of the motor. Also, both eddy current brakes are connected to the current sources. The nominal current of these sources is 30 A.
Fig.5. The experimental system
Since the two rotors of the CRM rotate in two opposite directions at the same time, the two eddy brakes do the same.Hence, testing of the motor is done in two states; in each, one of the brakes is blocked.
Blocked eddy current no.2:
In this state, the second eddy brake is blocked. Firstly, the motor is tested under no-load condition for which the excitation currents of the eddy brakes are set to zero. Hence, the eddy current loss of the eddy brake is assumed to be zero. Under this condition, the no-load loss of the system, which includes mechanical loss of the motor, eddy current loss of the motor, and mechanical loss of the eddy brake, is obtained by subtracting the input power of the motor from the copper loss of the motor.
In the next step, while the second eddy brake is blocked, the excitation current of eddy current brake no. 1 is set to a non-zero value. The loading loss of the system includes the mechanical loss of the motor, eddy current loss of the motor, and mechanical loss of the eddy brake. The eddy current loss of the eddy brake is obtained by subtracting the input power of the motor from the copper loss of the motor.
Finally, assuming that the sum of mechanical loss of the motor, mechanical loss of the eddy brake and the eddy current loss of the motor is equal in loading and no-load tests under the same speed conditions, the eddy current loss of the eddy brake is obtained by subtracting the no-load loss of the system from the loading loss of the system [8] .
For example, the experimental test results of the motor for different values of voltage and speed, by setting the first current source to 15 A, are tabulated in Table 1 . In the sixth column of this table, the eddy current loss is calculated based on the measuring method that is described in the previous paragraph. Also, the eddy current loss in the fifth column of the table is calculated by using the novel formulation of eddy current loss in (18). As a comparison between these results, they are in good agreement with each other.
According to these results and by the interpolation method, the measured and calculated eddy current losses versus speed are shown in Fig.6 . The flux of the eddy brake for 15 A excitation current is 0.0786 T.
For specified values of current source, performing the same test to calculate the eddy current loss is done. For another example, the measured and calculated eddy current losses versus speed are shown in Fig.7 for 5 A excitation current. The flux of the eddy brake for 5 A excitation current is 0.0262 T. 
Blocked eddy current no.1:
In this state, the first eddy brake is blocked and the stages in Section 4.1 are repeated. Regarding this point, the results of testing the motor under this condition are presented in Table 2 . Also, the measured and calculated eddy current losses versus speed are shown in Fig.8 for 5A excitation current.
Determining f (N r, I):
For determining f (N r , I), we used the surface fitting method. The measured results of the eddy current loss and the results found from (18) are only slightly different. The difference between these values arises from the asymmetric distribution of the flux on the surface of the claw pole. By calculating the ratio of the measured results of the eddy current loss to specified values of the current source, the formulation of this ratio is verified by fitting the surface and is given by: 
where N r is the speed (rpm) of the rotational cylinder of the eddy brake and I is the excitation current (A). The surface of f (N r , I) for different values of speed and current is shown in Fig.9 .
Comparison of calculated and experimental results
The accuracy of the formulation is assessed by an error estimator as [10] :
where N is the number of measured data and are the measured and calculated core losses, respectively, and is a function applied to find the maximum element in an array. The values of error for specified values of current source and flux density are tabulated in Table 3 . According to this table, the error has acceptable value. 
Conclusion
Providing a variable load for testing a motor under high speed conditions is usually a difficult task. The eddy current brake can be applied in order to provide a load for testing of motors. Since accurate modeling of eddy current loss is an important issue for optimum design of eddy brake systems, this paper deals with the formulation of eddy current loss within a claw-pole eddy brake. The proposed model for eddy current loss in the novel clawpole eddy brake shows its high dependency on the size of the claw poles. In addition, the results of calculation and measurement of the eddy current loss are in good agreement with each other. Therefore, the error has acceptable value. The remaining discrepancy between the measured and calculated values in the claw-pole eddy brake may have arisen from asymmetric distribution of eddy current density on the surface of the claw pole. 
